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Abstract

The economically important nickel ores can be divided into two types: sulphide and laterite
ores. Because of the recent decline in sulphide nickel reserves, laterites are becoming an
increasingly important source of nickel. The challenge facing the production of nickel from
laterites is the energy consumption, as the process requires significantly more energy than the
one involving sulphides. The high energy consumption and greenhouse gas footprints for
laterite ores will be critical sustainability issues affecting the future of the nickel laterite
industry. One commonly used processing method for nickel extraction via the
pyrometallurgical treatment of laterite ores involves smelting to ferronickel in a rotary kiln-
electric furnace process. The reduction roasting of laterite ore in a rotary kiln has a significant
impact on the final ferronickel production; the higher the degree of the necessary pre-reduction
of'the calcine, the greater the energy saving during the smelting in the electric furnace. Better
knowledge of nickel-bearing minerals in saprolite ores and their behaviour at high
temperatures is important for developing the pre-reduction process in the rotary kiln.

The aim of the thesis reported here was to examine: (i) the thermal behaviour of different
saprolite ores in order to determine the microstructures and phases that formed as a result of
dehydroxylation and to detect the phases where nickel is predominantly abundant after
dehydroxylation; (ii) the reducibility of the ores, in order to explore the relationship between
the mineralogy of the ore, the phases formed, and the reducibility, as well as to define the
optimal reducing conditions for the ores; (iii) the effect of sulphur on the formation of high-
temperature phases during heat treatment and further on the reducibility of saprolite ores.

The results reveal that during heat treatment, three endothermic peaks at 100, 250, and
600°C, caused by the removal of free water, thermal dissociation of goethite, and
dehydroxylation reactions were observed. Followed by an exothermic process at ~820°C, which
is evidently associated with the crystallisation of new phases. The formation of new phases
(talc-like, amorphous, olivine, and pyroxene) appears to depend on the type of minerals in the
initial ore and the phases formed during heating were observed to affect the reducibility of the
ores. The type of reducing gas also appears to have an impact on the reduction behaviour and
metallisation of the components in saprolitic ores. Considering the results from reduction
experiments, ~750°C appears to be the optimal reduction temperature for the ores, CO reducing
gas is recommended in order to achieve high nickel metallisation, and finally, the addition of
sulphur has a great effect on the reducibility of the ore and thus the formation of metallic
particles.
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Tiivistelma

Nikkelid voidaan valmistaa joko lateriittisesta tai sulfidisesta malmista. Sulfidisten
nikkelimalmiesiintymien kdyhtyessa on kiinnostus kasvanut yhd enemmaén lateriittisia
nikkelimalmeja kohtaan. Nikkelin valmistus lateriittisista malmeista vaatii huomattavasti
enemman energiaa kuin valmistus sulfideista. Lateriittien hyodyntdminen onkin toistaiseksi
ollut vahaisté, koska ei ole vield kehitetty menetelmié, joilla voitaisiin valmistaa taloudellisesti,
energiatehokkaasti ja ymparistoystévillisesti riittdvan korkealaatuista tuotetta.

Nykyiset, lateriittia kdyttavit pyroprosessit perustuvat raaka-aineen kuivatukseen,
esikuumennukseen ja esipelkistykseen rumpu-uunissa seki sahkéuuni-pelkistykseen. Rumpu-
uunissa suoritettavalla esipelkistykselld on tarked merkitys séhkéuunin energiankulutuksen
kannalta; mitd parempi pelkistysaste rumpu-uunissa saavutetaan, sitd vihemmaén energiaa
tarvitaan sdhkouunissa. Tutkimalla saproliittisten nikkelimalmien kiayttaytymisti korkeissa
lampotiloissa, saadaan tarkeéd tietoa niiden pelkistymiseen vaikuttavista tekijoista.

Tamaéan vaitoskirjan tavoitteena oli tutkia: (i) lateriittisten nikkelimalmien kayttaytymista
korkeassa lampotilassa; (ii) lateriittien pelkistymistd maarittdméalla malmien mineralogian,
kuumennuksen aikana muodostuvien faasien ja pelkistymisen vilisid suhteita ja selvittaa
lateriittisten nikkelimalmien optimaaliset pelkistysolosuhteet; seka (iii) rikin vaikutusta
lateriittisten nikkelimalmien kuumennuksessa muodostuviin faaseihin seké pelkistymiseen.

Tulokset osoittivat, ettd lateriittiset nikkelimalmit ovat heterogeenisii ja kuumennuksen
seurauksena niiden vapaa vesi poistuu noin 100°C:ssa, gotiitin OH-ryhmaé vapautuu 250°C:ssa
jakidevesi haihtuu noin 600°C:ssa. Uusien faasien muodostuminen eksotermisena reaktiona
tapahtuu noin 820°C:ssa. Liséaksi havaittiin, ettd uusien faasien (talkki, kiteytyméaton, oliviini
japyroksiini) muodostuminen riippuu lateriittisen nikkelimalmin mineralogiasta ja ettd naméa
muodostuneet faasit vaikuttavat edullisesti/epdedullisesti lateriittien pelkistymiseen. Myos
pelkistimen valinnalla naytti olevan vaikutusta komponenttien metallisoitumiseen.
Optimaalisen pelkistyslimpétilan todettiin olevan ~750°C. Lisiksi CO:n kiytto pelkistimeni
johti nikkelin parempaan pelkistymiseen, myos rikilla naytti olevan parantava vaikutus
nikkelin pelkistymiseen.
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ISBN (painettu) 978-952-60-4993-9 ISBN (pdf) 978-952-60-4994-6
ISSN-L 1799-4934 ISSN (painettu) 1799-4934 ISSN (pdf) 1799-4942
Julkaisupaikka Espoo Painopaikka Helsinki Vuosi 2013

Sivuméaara 129 urn http://urn.fi/URN:ISBN:978-952-60-4994-6







PREFACE

The research work of this thesis was carried out in the Laboratories of Metallurgy and
Metallurgical Thermodynamics and Modelling of the Departments of Materials Science
and Engineering, Aalto University School of Chemical Technology, during the years
2008-2011.

First of all, I would like to express my sincere appreciation and gratitude to my
supervisor, Prof. Dr. Pekka Taskinen, for his invaluable supervision, kind support,

endless patience, and continuous guidance in the preparation of this thesis.

I also wish to take this opportunity to express my special thanks to Professor Emeritus
Lauri Hoappa, Marko Kekkonen, and Michael Friman for their interest and valuable
suggestions and comments on my work. The staff of the Laboratories of Metallurgical
Thermodynamics and Modelling and Metallurgy are also acknowledged for offering help

with this work when it was needed.
Outotec (Finland) Oy and Outokumpu Oyj, which supported this investigation
financially, are greatly appreciated. My thanks also go to the Research Foundation of

Helsinki University of Technology, which helped to get this work done.

I am also grateful to the Outotec Research Centre for the XRD, mineralogical, and

chemical analyses and microanalyses.
Finally, I feel indebted to my family and my wonderful sons Arian and Arbnor, whose

encouragement, support, and existence helped me to accomplish this study. I would also
like to thank my wife Lindita for her infinite ability to motivate me.

Espoo, 34 January 2013

Ali Bunjaku



LIST OF PUBLICATIONS

The thesis is mainly based on the following scientific articles, which are referred to in

the text by their Roman numerals.

II.

III1.

Bunjaku, A., Kekkonen, M. and Holappa, L. (2010). Phenomena in thermal
treatment of lateritic nickel ores up to 1300°C, The Twelfth International
Ferroalloys Congress Proceedings (ed: A. Vartiainen), pp. 641-652
(Outotec Oyj: Helsinki, Finland).

Bunjaku, A., Kekkonen, M., Taskinen, P. and Holappa, L. (2011). Thermal
behaviour of hydrous nickel-magnesium silicates when heating up to
750°C, Min. Process. Extract. Metall. (Trans. Inst. Min. Metall. C), 120(3),
139-146.

Bunjaku, A., Kekkonen, M. and Taskinen, P. (2012). Effect of mineralogy
on reducibility of calcined nickel saprolite ore by hydrogen, Min. Process.
Extract. Metall. (Trans. Inst. Min. Metall. C), 120(1), 16-22.

Bunjaku, A., Kekkonen, M., Pietila, K. and Taskinen, P. (2012a). Effect of
mineralogy and reducing agent on reduction of saprolitic nickel ores, Min.
Process. Extract. Metall. (Trans. Inst. Min. Metall. C), 121(3), 156-165.

Bunjaku, A., Kekkonen, M., Pekkarinen, S. and Taskinen, P. (2012b).
Effect of sulphur addition on the roasting reduction of saprolitic nickel
ores in CO/CO2 gas mixture, Min. Process. Extract. Metall. (Trans. Inst.

Min. Metall. C). The paper was accepted for publication on 31.08.2012.



AUTHOR’S CONTRIBUTION

I-111.

Ali Bunjaku was responsible for the research plan, together with his co-
authors, and carried out the experimental work, including the data
collection, himself. The Outotec Research Centre prepared the pellets for
the experiments and carried out the XRD and mineralogical analyses and
microanalyses of the samples. Ali Bunjaku interpreted the results together

with his co-authors and he played a major role in writing the manuscripts.

Ali Bunjaku was responsible for the research plan in cooperation with his
co-authors, supervised the experimental work, and wrote the manuscript.
The Outotec Research Centre prepared the pellets for the experiments and
carried out the XRD and mineralogical analyses and microanalyses of the
samples.

Ali Bunjaku was responsible for the research plan, together with his co-
authors, supervised the experimental work, and wrote the manuscript. The
Outotec Research Centre prepared the pellets for the experiments and
carried out the XRD and mineralogical analyses and microanalyses of the
samples.






TABLE OF CONTENTS

1 INTRODUCTION..c.ctuiuitcececrecassccesscsecssscsecsssccsssesesssssssssssscssssssssssssssssssssssees 1
1.1 Lateritic NICKEL OTES....c.evueuirieiricieiiictreereeerteeeetee ettt se e se e 1
1.2 Processing of lateritic nickel OTeS.......cocevereriririininirreteceecreteesresresre e 3
1.3 Energy consumption in nickel production from laterite ores........c.cceceeverververrerreennne 6
1.4 The aim Of the STUAY ....cociiviieiiieeeeeeeee ettt st s seees 7

2 THERMODYNAMICS OF SAPROLITIC NICKEL ORES........ccccoccetteecnnnecncnene 9
2.1 Ni-Mg-Si-O stability diagrams ........cccceceevervirrierienienierieienteseneseseseesesesesesesseseenees 9
2.2 Activities of NiO in silicate solid solutions of a MgO-NiO-SiO. system .................. 12

2.3 Isothermal phase diagram of Fe-Ni-O (LogpO- vs Composition) and
thermodynamic system Fe3;04-FeO-NiO-Fe-Ni with CO»/CO and H-O/H- gas

1001 D:q 111 4 CHRUU U USRS 15

3 EXPERIMENTAL....cccoitueictaescrancsrorsossssssresssssssssssssssssssssssasssssssssssssssnsssssssss 17
4 THERMAL BEHAVIOUR OF SAPROLITIC NICKEL ORES....ccccccttecetacanees 22
4.1 Dehydration and recrystallisation of Saprolites .........cccceceeveeveeriereenienenenenenenennen. 22
4.1.1 Results and diSCUSSION .......cc.eccueeuieeieiieeiieiecteeieeee e et e e e reeaeeeeeseennas 23

4.2 Effect of sulphur on recrystallised phases.........coceceeverrirnienienienienienenienenenenesenene 27
4.2.1 Results and DiSCUSSION ......cc.ecveerierieeiieeieeteeiteeiteeieeteeeteesseeseessesseeseessesssessans 27

5 REDUCTION OF SAPROLITIC NICKEL ORES ....cccccetecetacesaceseceseceseceseceees 30
5.1 Results and DiSCUSSION ......cccueriiriirieriieeieeieneesieeteseesieesseeseseessesssessesssessesssasssenses 30
5.1.1 Isothermal RedUCHON. ......c.vovvveieiiiiiricieceteccteecteectee et eene e eereeeeseeenneas 30

5.1.2 Non-isothermal RedUCHON .......ccceecveriieriirierienieeeesieeeeteee e 34

5.1.3 Effect of additives (sulphur, carbon) on saprolitic nickel reduction ........... 36

6 CONCLUSIONS ....ctuiieuiruecrucrecssessaesssscsessssssssssassssssssssssssassssssssssssssssssssssnss 39

7 REFERENCES......cucouiiuierieressessessessessessessessessessessessessessssssssssssensossossossosons 42






1 INTRODUCTION

Nickel is commonly present in two principal ore types — sulphide ores and oxidic laterite
ores. The reserves of nickel ores in the world are estimated to be at least 24,000 million
tons, of which laterites represent 73% (Pariser et al. 2010). Historically, production has
been dominated by sulphide ores, and laterites currently account for only ~48% of world
nickel production (Pariser et al. 2010). The principal reason for this is that the laterite
ores typically require substantially more energy and chemicals to produce nickel than
sulphide ones (Diaz et al. 2004, Mikinen et al. 2008, Eckleman 2010). Because of the
recent decline in sulphide nickel reserves, laterites are becoming an increasingly
important source of nickel and thus the growth in nickel production in the future is

expected to come from laterite ores.

1.1 Lateritic nickel ores

Lateritic nickel ores are geographically found in tropical and subtropical regions
(Golightly 1979, Burger 1996), where there is an abundance of rainfall and decaying
vegetation which together provide acidic ground waters that are effective in the
weathering of nickel olivine-rich rocks (peridotite, pyroxenite, and dunite) which have
primary initial nickel contents. The acidic ground waters attack and dissolve
magnesium, iron, cobalt, and nickel, while silica is colloidally suspended in the solution.
Since the ground waters are not highly acidic, a portion of the iron dissolved in the
ground waters is oxidised to ferric iron and precipitates as ferric goethite. Cobalt is also
precipitated, along with a portion of iron. As the iron-depleted ground waters percolate
through the underlying soil and rock, the ground waters are partially neutralised by the
magnesia in the underlying rock and nickel, along with further amounts of iron and

cobalt, is precipitated as hydrous nickel-magnesium silicates (saprolite).

Factors of importance for the formation of well-developed laterite deposits (Fig. 1)
with parallel relative concentrations of nickel, cobalt, chromium, aluminium, and iron
include:

o the mineralogy of the peridotite and its tectonic setting;
e the climate;
o the topography;
e the geomorphic history.
No single factor dominates the formation of Ni lateries, but, combined in a dynamic

system, each may act as a major element in the processes and rates of development,
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ultimately controlling the characteristics of any deposit. The factors that influence the
development of Ni laterites in one region may be less meaningful elsewhere (Barros et
al. 1992, Brand et al. 1998, Gleeson et al. 2004). Golightly (1979) proposed that the
formation rates of laterite profiles could be 20 m millionyears under ideal conditions,

and mature profiles could form in one to five million years, with 20 to 40 m being usual.

The nickel profile in the Earth’s crust is divided into three layers or zones that depend
on depth, mineralogy, and chemistry (Fig.1); the limonite (red and yellow), transition,
and saprolite layers, respectively (Golightly 1979, Hallett 1997, O’Connor et al. 2006,
Botsis et al. 2008). The limonitic layer, which includes limonite and part of the
transition zone, is high in iron and relatively low in nickel (1 to 1.5% Ni) and magnesia
(Diaz et al. 2004). The transition layer is dominated by Ni-rich, smectites such as
nontronite and saponite, which are also commonly found in the upper saprolite (Elias et
al. 1981). The saprolite deposit section extends deeper than the limonitic zone and is
situated in the lower part of the profile. The silicates are mainly nickeloan varieties of
serpentine, talc, chlorite, and sepiolite. The nickel (2 to 2.5% Ni), magnesia, and silica
contents are relatively high and the iron content falls off (Hang et al. 1973, Springer
1974, Chen et al. 2004). These kinds of layers of nickel deposits are very important in
nickel extraction (Thurneyssen et al. 1960, Coleman et al. 1960, Diaz et al. 1988, Kerfoot
1991).
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Figure 1. The Earth’s crust, appropriate processing technology and approximate
chemical assay of nickel profile.

Additionally, on the basis of their iron and MgO contents, the lateritic nickel ores that
have been commercially processed by rotary kiln-electric furnace techniques are further
classified into 5 categories (Dor et al. 1979, Diaz et al. 1988 and 2004, Utigard 1994,
Zevgolis et al. 2010).



e Saprolite ores which are low in Fe (< 10-12%) and high in MgO (> 25-40%).
e Limonitic ores which are low in MgO (< 5-10%), subdivided into:

—  higher in Fe (> 30-40%).

— lower in Fe (< 30-40%).
e Transition ores which contain 12-15% Fe, subdivided into:

—  higher in MgO (20-35%).

— lower in MgO (10-25%).

1.2 Processing of lateritic nickel ores

Nickel is extracted from laterite ores by hydro- or pyrometallurgical routes (Fig. 2),
depending on the nature of the gangue. In general, the silicate laterites with high
magnesia contents can be treated by means of reduction roasting followed by ammonia
leaching or by pyrometallurgical processes, whereas low-magnesia and high-iron
limonitic ores are usually treated by means of hydrometallurgical processes (Diaz et al.
1988). Approximately 40% of the lateritic nickel ores that are suitable for smelting are
estimated to be in the form of hydrous nickel-magnesium silicates (saprolite ores) (Diaz
et al. 1988 and 2004, Taylor 1995, Bergman 2003, INSG 2009).

Pyrometallurgical
> Matte —| l
> Ni
L
’—b Hydrometallurgical 4
Sulfide ores »  Leach
Pyrometallurgical v
Ni mini
Lrining Matte .| Stainless
—— i Steel
| b FeNi %
Laterite ores > FeNi |
Ni
Pigiron
Caron
Hydrometallurgical i
> Leadh » NiO

Figure 2. Processing routes for nickel production from both sulphide and laterite ores.

The processing of lateritic nickel ore is demanding. Unlike nickel sulphide ores, in
which the sulphide minerals usually occur as distinct grains in the rock matrix, enabling
the ores to be concentrated easily and cheaply by the conventional dressing methods,
the complex mineralogy, heterogeneous nature, and low nickel content of the nickel

laterites not only make physical beneficiation almost impossible but also make nickel



extraction quite difficult (Kerfoot 1991). Additionally, the high temperatures required for
pyrometallurgical processes or the consumption of high levels of chemicals to leach the
ore for hydrometallurgical processes make the processing of laterite ores relatively
complex. Therefore, the optimisation of the metallurgical laterite processing methods
constitutes a great challenge for the nickel industry, as any additional demand for nickel
is expected to be satisfied by the mining of laterite deposits (Eckelman 2010, Mudd
2010, Pariser et al. 2010).

Nevertheless, several pyrometallurgical processes have been adopted to recover nickel
from saprolitic ores. Probably the oldest technique is that of matte smelting, in which
the ore is first sintered and then smelted with or without gypsum in a blast furnace to
form an iron-nickel matte or nickel pig iron (Guo 20009, Pietild 2011, Yucel et al. 2012). A
second method employs rotary kiln-electric furnace techniques to produce a ferronickel
containing 20 to 45% nickel (Dor et al. 1979). The ore is first roasted and pre-reduced in
a rotary kiln and then smelted in an electric furnace with carbon to reduce the nickel
and a portion of the iron contained in the ore to a metallic state (Thurneyssen et al.
1960, Murati et al. 1986, Mehmetaj et al. 2001, Solar 2008, Zhu et al. 2008, Walker et
al. 2009). A third technique, known as the Ugine process, employs a ferro-silicon
reductant. The ore is first smelted in an electric furnace without a reductant and the
molten ore is then transferred to a ladle, thus to be reduced (Coleman et al. 1960). In
addition, the process which is called Nippon Yakin Oheyama is completely unique and
offers an adequate source of nickel for stainless steel making (Watanabe et al. 1987). The
ore is smelted in a rotary kiln without liquefaction to produce ferronickel luppen (the
Krupp-Renn process), which is magnetically separated from the gangue (Matsumori et
al. 1997, Tsuji 2012). The Caron process (Caron 1950) has also been utilised for the
production of nickel from all nickel and cobalt ores that originated from the weathering
of peridotites since 1944, and to date it has gone on-stream commercially at Nicaro,
Punta-Gorda, and BHP Billiton Yabulu. In general the process results in the satisfactory
treatment of nickel limonite ores. But the process has proven less effective when applied
to the transition layer of a nickel ore profile (Fig. 1) (Apostolidis et al. 1978, Kukura et al.
1979, De Graaf 1980). One of the industrial applications of the process is a modified
Caron process used at BHP Billiton Yabulu, Australia (Fittock 2012). In the process,
nickel laterite ores are processed through reduction roasting in a reducing atmosphere,
followed by ammoniacal leaching and the precipitation of an intermediate basic nickel
carbonate (BNC) product (Rhamdhani et al. 2008 and 2008a, Hidayat et al. 2009,
2009a, 2009b). Of these, the rotary kiln-electric furnace-based process is nowadays the
main method used for the processing of saprolitic nickel ore (Bergman 2003, Warner et
al. 2006, Norgate et al. 2011).

The majority of pyrometallurgical processes (ferronickel and matte smelting) aim at
separating nickel and cobalt from iron, silicon, and magnesium, which are the principal
elements accompanying nickel in laterite ores. For a given addition of reductant, the

recovery of nickel is the highest, followed by that of cobalt, and the recovery of iron to
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the metal phase is the lowest. Losses of nickel to the electric furnace slag under these
conditions (for 25% Ni in the ferronickel) are quite low (0.1% Ni in the slag), but above
45% Ni in the ferronickel, slag losses increase rapidly (Gomez et al. 1979, Solar 2008). A
nickel recovery level of 87-97% was achieved with this technology in smelting (Solar
2009). Furthermore, in an electric furnace, depending on the electrical conditions in the
furnace and the characteristics of the slag (which depend on the SiO./MgO ratio), the
temperature difference between the metal and slag is within a certain range, generally
between 100 and 200°C at the metal-slag interface (Antola 1993, Utigard 1994, Bunjaku
et al. 2006 and 2009).

The economics of the processes (pyrometallugical and Caron) are affected by the
reduction roasting, which has a significant impact on the final ferronickel or nickel
production; the higher the degree of pre-reduction of the calcine, the greater the nickel
recovery and the higher the grade of the ferronickel formed during the smelting in the
electric furnace (EF) respectively, and the lower the consumption of high levels of
chemicals to leach the reduced ore for hydrometallurgical processes (Caron process)
(Caron 1950, Rhamdhani et al. 2009b). In addition, through the pre-reduction, the ratio
of Ni to Fe can be controlled by the amount of solid reductant added to the process in
order to obtain an appreciable grade of Fe-Ni alloys with high levels of nickel recovery
(Diaz et al. 2004, Solar 2008 and 2009).

Furthermore, the problem posed by the presence of MgO and SiO2 contents is that
they significantly affect not only the degree of pre-reduction, but also the operating
temperature used in the subsequent steps of the process. In general, the greater the
quantities of these constituents are, the higher the temperature that is necessary to
produce a liquid phase medium, and the lower the pre-reduction that is obtained (Chen
et al. 2005, Taskinen et al. 2005, Reinecke et al. 2007). Additionally, the greater the
nickel metallisation achieved in the pre-reduction of laterite ores, the higher the amount
of nickel is found in the acid solution (Caron 1950, O’Connor et al. 2006).

Besides the thermal transformation of lateritic nickel ores through the reduction
roasting process in a rotary kiln, there is also a series of chemical reactions and phase
transformations (Taylor 1962, Ball et al. 1963, Brindley et al. 1975, MacKenzie et al.
1994, Chen et al. 2009). Undoubtedly, those reactions, which depend on the mineralogy
of the ore, should further affect the progress of the reduction. The reduction of nickel-
bearing hydrosilicate minerals (saprolite) is insignificant until the temperature has been
raised to a point at which the dehydration of the minerals commences. However, after
the nickel-bearing hydrosilicate minerals are recrystallised into new phases at ~820°C,
the reduction of nickel oxide becomes considerably more difficult (Hallett 1997, Li et al.
2000, Rhamdhani et al. 2008). Therefore, the mechanism for preventing the phase
transformation of the minerals, especially serpentine or other groups of silicates, in the



reduction roasting process is important for the improvement of the overall nickel yield

from saprolitic ores.

In the case of nickel production from nickel oxides (NiO) formed by the calcination of
an intermediate basic nickel carbonate product (Rhamdhani et al. 2008a, Hidayat et al.
2009), the vapour deposition of a chloride solution (Utigard et al. 2005), or roasted
nickel sulphide pellets (Plascenia et al. 2009), the residual oxygen and overall reduction
rate are the key parameters determining the specification and value of the final Ni
product and the production rates, respectively. The European Union’s new chemical
policy regulations (Bergeson 2003) require oxygen concentrations in the nickel product
to be less than 0.1 wt% as nickel oxide. This limitation is initiated by the need to

minimise the generation of residual NiO dust, which has been shown to be carcinogenic.

1.3 Energy consumption in nickel production from laterite ores

The challenge facing the production of nickel from laterites is the energy consumption,
as this requires significantly more energy per unit than the use of sulphides (2-3 times)
(Dasher 1976, Nriagu et al. 1980, Blanco et al. 1981, Eckleman 2010). Some reasons for
the higher energy requirements for laterites include these: laterites cannot be
significantly upgraded or concentrated before processing, and hence virtually all of the
ore goes to the energy-intensive metal extraction stage, e.g. all of the ore goes through
the rotary kiln-electric furnace for ferronickel production; in the high-pressure acid
leaching (HPAL) process the whole of the ore goes through the leaching stage;
differences in ore grade — laterites generally have lower grades than sulphides and hence
more ore must be processed to produce the same amount of nickel metal; the sulphur in

sulphides acts as a fuel source which is not present in laterites (Norgate et al. 2011).

Moreover, as the higher-grade reserves of nickel ores are progressively depleted, the
grades of the ore coming from the mines will gradually become poorer. This reduction in
the grades will have a dramatic effect on the energy consumption (Fig. 3), and further on
the accompanying greenhouse emissions during metal production (Norgate et al. 2011).
In addition to the grades of the laterites, the energy source used to generate the
electricity consumed in the nickel production process also influences the overall costs of

the process and the environmental impact.
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Figure 3. Primary energy consumption for production of one ton of nickel product
(according to data from Norgate et al. 2011).

Energy is consumed for different purposes, depending on the process. The
pyrometallurgical processing of laterite ores has high fossil and electrical energy
requirements, as laterites have a high water content (free moisture and combined water)
and high levels of magnesia, which leads to a high melting temperature. For
pyrometallurgical processes, fossil fuel is consumed both as a source of heat and as a
reductant. Hydrometallurgical processing requires energy to heat the acid solvent and to
pressurise the chambers (high-pressure acid leaching, HPAL).

The mining, mineral processing, and metal production sector, like other industrial
sectors, has come under increased pressure to reduce the amounts of energy it consumes
and greenhouse gases it emits. Given the anticipated increase in nickel metal production
from laterite ores, as mentioned earlier, these higher energy and greenhouse gas
footprints for laterite ores will be critical sustainability issues affecting the future of the
nickel laterite industry (Norgate et al. 2011).

1.4 The aim of the study

In conventional pyrometallurgical processing, the laterite ore is dried, calcined, and
usually pre-reduced in a rotary kiln before being smelted in an electric furnace in the
presence of carbon.

The electric smelting step is the obvious major consumer of energy. The reduction
roasting of laterite ore (saprolite) in a rotary kiln has a significant impact on the final

ferronickel production; the higher the degree of the necessary pre-reduction of the



calcine, the greater the energy saving during the smelting in the electric furnace.
Therefore, better knowledge of nickel-bearing minerals in saprolite ores and their
behaviour at high temperatures is important for developing the pre-reduction process in

a rotary kiln.

The experimental work was divided into two parts. It started with studying the thermal
behaviour of saprolitic nickel ores and then continued with the reduction of the same

ores.

The main objectives of this work were to examine the following.

e The thermal behaviour of different saprolite ores in order to determine the
microstructures and phases that formed as a result of dehydroxylation and to
detect the phases where nickel is predominantly abundant after dehydroxylation
(Papers I and II).

o The reducibility of the same ores in order to explore the relationship between the
mineralogy of the ore, the phases that formed, and reducibility, as well as to
define the optimal reducing conditions for the ores that were investigated
(Papers III and IV).

e The effect of additives (sulphur) on the formation of high-temperature phases

during heat treatment and further on the reducibility of saprolite ores (Paper V).



2 THERMODYNAMICS OF SAPROLITIC
NICKEL ORES

Although the overall reduction reaction of nickel oxide (NiO) with reducing gas appears
to be a simple reaction (Crowe et al. 2003, Rhamdhani et al. 2008, Plascenia et al.
2009), the major challenge in the reduction of saprolitic nickel ores is ensuring that the
nickel is in reducible form (Papers III and IV, De Graaf 19779, Nath et al. 1995, Chen et
al. 2009). In an actual pyrometallurgical extraction process, ferronickel alloys, rather
than metallic nickel, are formed in spite of their different standard Gibbs free energies of
formation (Szekely et al. 1971, Dalvi et al. 1970 and 1976,).

Therefore, knowledge of the thermodynamics of the MgO-FeO-NiO-SiO. system is of
great value in understanding, for example, the selective reduction of nickel from
hydrous magnesium-nickel silicates (Campbell et al. 1968, Shirane et al. 1980,
Mukhopadhyay et al. 1995, Hallett 1997).

2.1 Ni-Mg-Si-O stability diagrams

The thermal transformations of hydrous nickel-bearing magnesium silicates are of
interest both in themselves and for their potential usefulness as a further method for

studying the nature of the initial minerals (Hang et al. 1973).

According to the literature (Papers I and II, Ball et al. 1963, Brindley et al. 1965 and
1975, Faust 1966, Mackenzie 1970, Hang et al. 1973, MacKenzie et al. 1994), during
roasting the minerals of saprolitic nickel ore dehydrate, dehydroxylate, and crystallise to
new phases at specific temperatures. Consequently, the nickel would be bonded in newly
crystallised phases and thus the reduction of nickel oxide becomes more difficult
(Papers III and IV, Kawahara et al. 1988, Utigard et al. 1993, Nath et al. 1995, Li et al.
2000, Rhamdhani et al. 2009a, Harris et al. 2009). Some silicates, however,
dehydroxylate and recrystallise simultaneously (Kukura et al. 1979, MacKenzie et al.
1994, Giirtekin et al. 2006). Therefore, the mechanism for preventing the phase
transformation of minerals, especially serpentine and other groups of silicates, during
the reduction roasting process is important for the improvement of the overall nickel
yield from saprolitic ores. Sulphur is an additive that is considered to be beneficial in
increasing metal extraction (Paper V, Siemens et al. 1976, Kukura et al. 1979, Valix et al.
2002a, Pekkarinen 2011).



Serpentine minerals where Fe and Ni can to some extent replace the Mg are
widespread and often occur as modified products of olivine and magnesium-rich
silicates (Burger 1996, Botsis et al. 2008). The principal recrystallisation product,
olivine (Mg,Fe,Ni)Si-0,4, and pyroxene (Mg,Fe,Ni)SiO; are formed topotactically, so that
the final lattice is related to that of the original material by one or more
crystallographically equivalent, orientational relationships (Taylor 1962).

In addition to serpentine minerals, nickeliferous clay minerals (nickel-bearing talc-like
compositions) are also extracted for nickel. The phases formed by heating the clay
minerals to recrystallisation temperatures depend on the concentration of nickel in the
initial minerals. Thus, after recrystallisation, minerals with a low nickel content give
pyroxene as the main product; otherwise olivine is formed (Ball et al. 1963, Mackenzie
1970, Hang 1973).

Therefore, detailed thermodynamic information on the phase equilibria in the Ni-Mg-
Si-O system, including the information on the nickel distribution between the mineral
phases present in the initial ore, is vital not only for control of the reduction roasting
process but also for achieving the maximum nickel yield. Thus, the compounds of
interest in the Ni-Mg-Si-O system at 800, 850, and 900°C, using the MTDATA software
(Davies et al. 2002) and the Mtox database (Gisby et al. 2007), are shown in Figs. 4, 5,

and 6, respectively.
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Figure 4. Isothermal section of the ternary system MgO-NiO-SiO- at 800°C with the
tie-lines drawn in the two-phase equilibria.
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solid solution depends on the temperature. Added to this, at low concentrations of
Ni.SiO, in olivine, cristobalite reacts with the olivine to form orthopyroxene, indicating
the thermal stability of the protopyroxene solid solution expanding the orthopyroxene
phase field of low NiO solubility to olivine+protopyroxene above ~825°C. In addition to
a partial metasilicate solid solution above ~825°C, there is a complete solid solution
between Mg-Si0, and Ni»SiOj,.

2.2 Activities of NiO in silicate solid solutions of a MgO-NiO-SiO, system

Metal losses during extractive metallurgical processes are inevitable (Kerfoot 1991,
Daenuwy et al. 1997, Rigopoulos et al. 2004, Solar 2009). However, in the
pyrometallurgical processing of saprolitic nickel ore, the major portion of the nickel loss
during smelting is not only due to the transfer of nickel from the alloy phase to the slag
phase but also to low NiO activity in the phase formed in the previous reduction roasting
stage. Therefore, the thermodynamic behaviour of the components in the oxide solid
solution is important for the development of an understanding of the solid state
reduction of nickel from saprolite minerals.

According to the literature (Mukhopadhyay et al. 1995, Shirane et al. 1980, Kiukkola &
Wagner 1957), the NiO activity in ortho- and metasilicate solid solutions, which are the
main components of saprolite after dehydroxylation, can be determined by a galvanic
cell incorporating a solid oxide electrolyte. The measurements of the e.m.f:s
(electromotive force) of high-temperature electrochemical cells incorporating
electrolytes have provided accurate and valuable thermodynamic data concerning many
solid solution systems.

Additionally, the NiO activity in the oxide solid solution of the system within the

temperature range of interest is defined by substituting e.m.f values into Equation (1).

Inay;, =—(nFE)/(RT) (€]

Here a;, is the activity of NiO in the oxide solid solution, nis a unit mol of electrons

which participate in the oxygen reaction in the cell, F is the Faraday constant
(96485.3365 [C/mol]), E is the electromotive force determined by the galvanic cell, R
is the gas constant (8.3144621 [J/molK]), and T is the experimental temperature.

A number of researchers (Campbell et al. 1968, Dalvi et al. 1976, Shirane et al. 1980,
Mukhopadhyay et al. 1995) have reported that the activity of NiO in the spinel solution
deviates greatly towards the negative side of Raoult’s law from an ideal solid solution.
Referring to Fig. 7, the calculated activity curves of NiO also deviate towards the

negative side of Raoult’s law in an ideal solid solution. It appears that the system is

12



converted into an ideal solid solution, and approaches, to some degree, a straight line,
ai=Ni, corresponding to Raoult’s law with increasing temperature. Therefore, Ni-
orthosilicate, in principle, needs not only strong reduction conditions but also high
temperatures if it is to be effectively reduced.

Ni-Mg-olivine solution at 700-1200 °C
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Figure 7. Activity of NiO as a function of composition in the system MgSiO4-Ni-SiO4
calculeted by the Mtox database (Gisby et al. 2007).

However, contrary to saprolitic nickel ore of the orthosilicate-forming type, the curves
of calculated NiO activities in metasilicate solid solution, as shown in Fig. 8, deviate to
some degree toward the positive side of Raoult’s law from an ideal solution (Campbell et
al. 1968, Shirane et al. 1980). Therefore, the amount of saprolitic nickel ore which
decomposes in metasilicate as a result of heating will be reduced with a slight reduction
atmosphere.

Moreover, in order to show the variability of nickel oxide activity in different phase
areas, in Fig. 9 the isoactivity contours of NiO, as calculated by MTDATA, are
superimposed on the Gibbs triangle of Fe-O-MgO-NiO-SiO- at 800°C, with halite phase
as the standard state.
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Figure 9. Isothermal quasiternary section of the five-component system Fe-O-MgO-
NiO-SiO: at 800°C and an oxygen pressure Po.= 2.12782 104 [Pa] with the olivine-type
silicates as terminal phases.
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2.3 Isothermal phase diagram of Fe-Ni-O (LogpO, vs Composition) and
thermodynamic system Fe;0,-FeO-NiO-Fe-Ni with CO,/CO and H,O/H; gas
mixture

In addition to serpentine, goethite ((Fe,Ni)OOH) is often present in saprolitic nickel
ores. Its calcination in a reducing gas is transformed to magnetite [spinel or (Fe,Ni)304]
and further to halite [Ni-bearing wustite or (Fe,Ni)O] solid solutions (Paper I, O’Connor
2006, Rhandhani et al. 2009). Therefore, knowledge of the thermodynamic behaviour of
the Fe-Ni-O system is important for understanding the selective reduction of nickel from
mixed iron-nickel oxides. Hence, the Fe-Ni-O isopleths at various temperatures against
the Fe-Ni ratio are depicted in Fig. 10.

Isopleth Fe-Ni-O at 800-1000 °C
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Figure 10. The isopleth of the Fe-O-Ni system showing the equilibrium phases over an

oxygen pressure range of Po-=104 to 105 Pa (0.1-10"9 atm) at 800-1000°C (Paper III).
As one can see, nickel oxide will be reduced more readily than iron oxide at a fixed Po-.

Furthermore, for the coexistence of halite and an FeNi alloy shown in Fig. 10, the oxygen

pressure increases with increasing nickel content, extending from the Fe/FeO

equilibrium to the (Fe,Ni)O-spinel-alloy equilibrium.

However, corresponding to the various oxygen partial pressures and temperatures at
which the halite and an FeNi alloy coexist, the concentration of nickel in the FeNi alloy
and nickel oxide in halite phase increases with increasing oxygen pressure at any
temperature between 800 and 1000°C (Paper III).

Commercially, the pre-reduction of the nickel ores is achieved by utilising either
hydrogen or carbon monoxide as the reducing gas. Extensive studies on reduction have

appeared in the literature because of its practical importance in the reduction of nickel
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ores (Papers IIT and IV, Antola 1993, Zevgolis et al. 2009) and when defining a model
reaction for the reduction mechanisms (Szekely et al. 1971, Nath et al. 1995, Plascenia et
al. 2009).

Thermodynamically, pure iron and nickel oxide should be reduced to metallic form
under the conditions used in this investigation. However, referring to the diagram using
the HSC chemistry 7.08 software demonstrated in Fig. 11, a rise in temperature would
enlarge the area of metallic nickel and wustite, which would result in less risk of the
wustite being reduced into metallic iron, thus making the reduction of NiO into metallic
nickel easier.
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Figure 11. Predominance areas of different phases in the Fe-Ni-O system as a function
of log Pcoz/Pco, log Pr-0/Pn= and temperature (Paper IV).

However, in contrast to the almost easy reduction of pure NiO (Crowe et al. 2003,
Plascenia et al. 2009), Shirane et al. (1980) suggested that the reduction of NiO from
silicates (serpentine and clay minerals) is thermodynamically and kinetically difficult as
a result of the very low activity of NiO in the silicate matrix.
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3 EXPERIMENTAL

In order to gain better knowledge of the mineralogy of the nickel saprolites and reaction
behaviours of their minerals at high temperatures, which are important for advancing
the pre-reduction process, saprolite ores from Brazil (Mirabela deposit) and Colombia
(Colombia-1 and Colombia-2, Cerro Matoso S.A. (CMSA) deposit) were examined. The
chemical composition, moisture, accessible oxygen, and main phases detected in the

ores are presented in Table 1 and Table 2, respectively.

The ores include nickel hydrous magnesium silicates
(serpentine/vermiculite/chlorite), which are green minerals as a result of their NiO
content. Minerals in this group contain Mg and Si as major cations, with a little Fe, Al,
and Ni (Chen et al. 2004). The Colombian ores consist of serpentine and chlorite group
minerals (Gomez et al. 1979, Gleeson et al. 2004), whereas the Brazilian ore is a mixture
of clay and serpentine (Colin et al. 1990, Vieira Coelhoa et al. 2000). Their total Loss on
Ignition (LOI) contents were measured by heating the ores up to 1100°C under dry
flowing nitrogen. 1100°C was taken as the upper limit for determining the LOI, since the
dehydroxylation of magnesium hydrosilicates occurs at higher temperatures than 900°C
(Papers I and II).

Table 1 Chemical analyses, moisture, and accessible oxygen content of the saprolitic
ores used in the experiments (% wt) (Paper I).

Component Colombia-1 Colombia-2 Mirabela
Ni 0.76 2.3 2.6
Fe total 7.4 12.4 12.5
Fe 2+ 1.0 2.5 0.73
SiO- 44.9 44.9 49.6
Al:03 0.77 1.7 1.4
MgO 26.6 14.7 17.2
CaO 0.55 0.36 0.03
Cr203 0.20 0.70 1.8
Mn n.a n.a 0.14
Co 0.02 0.04 0.05
Cu - - <0.01
S 0.23 0.46 0.04
C - - 0.13
Loss On Ignition 13.4 9.4 10.7
Si0>/MgO 1.69 3.05 2.88
Accessible oxygen (%) 3.248 5.607 5.987
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Table 2 Main phases present in the saprolitic ores (Paper I).
Phases Colombia-1 Colombia-2 Mirabela

Clinochrysotile, X X
Mg381205(OH)4

Antigorite, X

Mg381205(OH)4

Lizardite, X X
(Mg,Al)3(Si,Al)205(OH)4

Clinochlore, X X
(Mg,Al)6(Si,Al)4010(OH)s

Quartz, SiO- X X X
Enstatite, MgSiO3

Vermiculite, X
MgSSi4O10(OH)2

Nepouite, X X
(Ni,Mg)3Si-05(0H),

Iron silicate, X
F628i04

Grimaldite, X
CrO(OH)

Muscovite, X
KAl;Si3010(0OH)2

Hematite, X
Fe203

Goethite, X X

FeOOH

Forsterite ferroan, X

(Mgo.é Feo.4)2SiO4

In the experiments, the ores were first heated up to 1300°C to investigate the changes
that might happen upon heating (Paper I), and secondly, in order to avoid the
exothermic recrystallisation reaction which has been established as occurring around
~820°C, the ores were heated up to 750°C (Paper II). On the other hand, the
temperature of 850°C, which was also rather close to the temperature of the subsequent
reduction experiments, is purposely selected in order to ascertain the temperature of the
thermal transformation of the minerals.

In order to meet the experimental requirements, the air-dried ores were crushed in a
laboratory ball mill (Planetary Mono Mill PULVERISETTE 6), screened in a sieve with a
500-um mesh size, and thermally treated in a Simultaneous Thermal Analyser (Netzsch
STA 449C Jupiter) (DSC-TG), which allows the measurement of mass changes and
thermal effects at the same time and provides information on phase transformation. The
thermally treated ores were then characterised with an X-ray diffractometer (Bruker
AXS DFocus) (XRD) and a scanning electron microscope-energy dispersive
spectroscope (FEG-SEM Jeol JSM 700F and Oxford INCA-Energy and Wave) (SEM-
EDS) (Paper I and II).

The saprolitic nickel ores (Colombia-1, Columbia-2, Mirabela), blended with various

concentrations of sulphur in the form of pyrite, were subjected into a Simultaneous
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Thermal Analyser (Netzsch STA 449 C Jupiter) (DSC-TG) in order to examine the effect
of the sulphur on the exo-and endothermic reactions. In a typical experiment, the ores
were heated up under dry flowing argon (purity 99.999%) from room temperature to
1300°C by using a constant heating rate of 10 °Cmin in the DSC-TG. After heating, the
sample was cooled down to room temperature under an argon atmosphere in order to
prevent rehydration and oxidation (Fe*2—Fe*3). The sample was subsequently examined
by means of the XRD and SEM-EDS technique for mineralogical and morphological

determinations (Paper V).

The saprolitic nickel ores, with and without pyrite, used in this study were reduced in
various reducing gases at different temperatures in order to determine the relationship
between the reduction degree of removable oxygen, Rt and time. Furthermore, the

relationship between the ore mineralogy and reducibility is explored as well (Paper IV).

The air-dried ores were mixed with pyrite for ore-additive mixtures exclusively,
crushed in a laboratory ball mill (Planetary Mono Mill PULVERISETTE 6), and
pelletised with a laboratory pelletising disc (Erweka AR 401; outside diameter 400 mm,
inside height 165 mm, inclination and revolutions per minute can be changed), using
bentonite as a binder, and then dried at 105°C for 18h in order to meet the requirements
of the reduction experiments. Further, the diameter of the pellets was restricted to ~12
mm and the reducing gas flow rate was maintained at 1 dm3min~ in order to reduce the
effect of mass transfer, which hampers the homogeneous reducing of the ores (Papers
III and IV).

The reduction experiments were accomplished in a thermobalance furnace (Fig. 12),
which allows continuous measurement of mass change. In a typical experiment, a pellet
of approximately 1.5 g and 12 mm in diameter was placed into a platinum basket
hanging from the balance. The furnace was heated up at a constant rate (4 °Cmin?)
under an N- atmosphere to the experimental temperature, where the sample was
retained until no weight loss was detected. After that, the atmosphere was changed to
H2/N: (72%:28%) or CO/CO: (72%:28%) and reduction started. The preceding
calcination step ensures that the mass loss during reduction represents the loss of
oxygen resulting from the reduction of the iron and nickel oxides. The purities of the No,
H-, CO, and CO- gases were 99.5%, 99.9%, 99%, and 99.7%, respectively. The weight
loss of the sample was continuously recorded during the experiment by a METTLER
TOLEDO AB104-S balance. A Pt-10 (wt-%) Rh/Pt thermocouple was installed just below
the pellet to record the temperature of the reaction zone. Subsequent to reduction, the
pellet was cooled down to room temperature in flowing nitrogen. The pellet was then
examined by means of SEM-EDS and XRD for microstructure and phase
characterisation, and by bromine-methanol leaching using the inductively coupled
plasma spectrophotometry (Thermo Scientific Model iCAP 6000) (ICP) technique to

determine the individual metallic elements in the reduced pellet (Papers III, IV, and V).
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In conventional bromine-methanol leaching using the ICP technique, the reduced
pellets were leached out in a bromine-methanol solution. After that, the individual
metals contained in the extraction liquid were determined with the ICP technique
(Kawahara et al. 1988, Li & Coley 2000).

N, H, CO CO, -

Off-gas(

Gasinput

e
5

Figure 12. Schematic diagram of the experimental apparatus: 1. microbalance; 2. box
furnace; 3. pellet; 4. weight loss and temperature recorder; 5. thermocouple; 6. furnace
temperature controller; 7. flowmeters (Paper IV).

The degree of removable oxygen as Ri, after time t relative to the nickel, iron, and
cobalt in H2/N> and CO/CO:s- is calculated with Equations 2 and 3, since the preceding
calcination step at the corresponding temperature ensured that the mass loss during
reduction represented the loss of accessible oxygen as a result of the reduction of the

iron, nickel, and cobalt oxides (Paper III).

R, =(my —m;)*100/mpx (2)
Where
Mo, = mge + mI(\)/'i + mgo (3)

where m,, is the weight of the pellet after moisture removal, m, is the observed
weight of the pellet at time ¢ during reduction, m,, is the amount of removable oxygen
after moisture removal, m$, is oxygen combined with iron, m%; is oxygen combined

with nickel, and mg, is oxygen combined with cobalt.
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Contrary to the experimental measurements, the oxygen content, O,, , of the ores was

calculated stoichiometrically by the ratio > Me,, *%0;, /% Me;

ox ?

where Me,, is the

S
ox ?

analysed metal concentration in the ore and % Me, , %O, are the stoichiometric metal

and oxygen concentrations in the oxide, respectively.
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4 THERMAL BEHAVIOUR OF SAPROLITIC
NICKEL ORES

Saprolitic or predominantly silicate ores exhibit relatively lower degrees of weathering
from their precursor rocks and in most cases are still undergoing “laterisation”
(Golightly 1979, Brand et al. 1998). They contain residual amounts of precursor
minerals, and the ores essentially occur in situ. An important group of nickel-bearing
minerals in saprolite ore bodies is the garnierites, which is a general name for all
hydrous nickel-magnesium silicate minerals such as chlorite, clay, and serpentine
silicates (Hang et al. 1973, Brindley et al. 1974, Springer 1974). Apparently, these
components of garnierite usually occur as lizardite (Mg, Fe, Ni, C0)3Si-05(OH)4,
antigorite (Mg, Fe, Ni, C0)3Si-0O5(OH),, and chrysotile (Mg, Fe, Ni, C0)3Si-O5(OH), and,
with a high percentage of nickel, as nepouite (Mg, Fe, Ni);Si-O5(OH), in serpentine,
while vermiculite (Mg, Fe, Ni, C0)3Si4010(OH)- and talc (Mg, Fe, Ni, C0)3Si40:10(OH)-
occur as clay, whereas clinochlore (Mg, Fe, Ni, Co, Al)s(Si, Al)40:0(OH)s is in the
chloride group (Faust 1966, Brindley et al. 1975, Colin et al. 1990, Vieira Coelhoa et al.
2000, Gleeson et al. 2004). Garnierites are related to the fine-grained nature,
inhomogeneous character, poor crystalline order, and intimate mixtures of two or more

components.

4.1 Dehydration and recrystallisation of saprolites

Minerals of saprolitic nickel ores are formed as a result of the hydration of olivine,
pyroxene, and other Mg-rich silicates containing nickel under suitable conditions, the
process of so-called sepentinisation. Completely serpentinised peridotites contain
significant amounts of chemical bonding water, ~13%, which will be released as a result
of heating in a traditional pyrometallurgical nickel production process (Papers I and II,
Valix et al. 2002, Zevgolis et al. 2010). Therefore, the thermal reactions of such minerals
and the related mineralogical changes are very important for the determination of nickel
recovery. Added to this, dehydroxylation processes and the transformation of nickel-
magnesium hydrosilicates into the high-temperature products result in a redistribution
of nickel. Particularly, the reduction of nickel oxide becomes more difficult when the
nickel is bonded in newly crystallised phases (Shirane et al. 1980, Kawahara et al. 1988,
Hallett 1997).
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In general, it has been suggested that the dehydroxylation of nickel-magnesium
hydrosilicates proceeds by the formation of a disordered phase, (Ball et al. 1963,
Brindley et al. 1965 and 1975, Harris et al. 2009) attributed to a multistage sequence
(MacKenzie et al. 1994) and it should proceed by reaction (4).

9(Mg,Fe,Ni,Co),Si,0,(0H), —9(Mg, Fe,Ni,Co),Si,0, +18H,0 4)

Serpentine Disordered phase

However, the overall stoichiometry above ~820°C of magnesium hydrosilicates, when
nickel, cobalt, and iron are present, suggests that olivine and/or pyroxene solid solution
phases should form according to the following reaction (Paper I, Hang and Brindley
1973, Brindley and Wan 1975, HSC chemistry 7.08):

(Mg, Fe,Ni,Co), Si,0,(0OH), — (Mg, Fe,Ni,Co), SiO, +(Mg,Fe,Ni,Co)SiO, +2H,0  (5)

Serpentine Olivine Pyroxene
4.1.1 Results and discussion

The DSC curves obtained at temperatures of 850 and 1300°C (Figs. 13 and 14) exhibit
three endothermic peaks and one exothermic peak. The low-temperature range up to
100°C causes the removal of free water, while 250°C brings about the dissociation of
goethite mineral, if it is present in ore, and the temperature range between 550 and
650°C the loss of crystalline water, which is often called the dehydroxylation reaction.
The dehydroxylation reaction is followed by the crystallisation of a new phase (olivine
and pyroxene) at ~820°C. In addition to the temperatures of the aforementioned
reactions, there is a temperature interval (650-820°C) in which the recrystallisation of
minerals into new phases is not initiated but an intermediate phase following the

reaction (4) is formed (Paper II).
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Figure 13. DSC curves for Mirabela, Colombia-1, and Colombia-2 when
heated up to 1300°C (Paper I).
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Figure 14. DSC curves for Mirabela, Colombia-1, and Colombia-2 when heated up to
850°C.

Mirabela

The TG curves obtained at a temperature of 1300°C (Fig. 15) show the weight loss
(H=0 and 2H-0) arising from 2(OH) and 4(OH) in the mineral formula for clay and
serpentine, respectively. The shape of the weight loss curves depends on the dehydration
energy of the compounds. Additionally, the occurrence of iron, aluminium, chromium,
and earth-alkaline elements in the ores might induce a change in the thermal behaviour
and in the shape of the TG curves (Fig. 15) of the silicates. According to Fig. 15, the
additional water is lost slowly over the range 250-550°C, followed by a rapid loss of
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crystalline water in the temperature range 550-700°C. The removal of crystalline water
is related to a weight loss of about 8% resulting from the disintegration of the crystalline
lattice of the minerals. The exothermic reaction involves no mass loss; however, there is
a small mass loss with the reaction at the TG curve (Paper I). The likely reason for this is
the kinetic conditions under which the hydroxyl moves outwards from the minerals or
the stability of some hydrous nickel-magnesium silicates at high temperature.

TG /%
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417 %
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92
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-2.87% __-165%

%0 _-098%
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Figure 15. TG curves for Mirabela, Colombia-1, and Colombia-2 when heated up to
1300°C (Paper I).

The phase analyses of the samples, when heated up to 750°C, show the formation of
disordered phases, apart from the Colombia-1 sample, which demonstrates the
formation of olivine and pyroxene phases (Paper II). The simultaneous dehydroxylation,
closely followed by the recrystallisation, of magnesium silicate to olivine
(Mg,Fe,Ni).SiO4 and pyroxene (Mg,Fe,Ni)SiO3 by reaction (5) is attributed to this kind
of behaviour. Antigorite, which is found in Colombia-1 ore, has been found to enhance
the formation of both phases (Paper II, Valix 2002, Giirtekin 2006).

On the other hand, the X-ray diffraction results of the Colombia-2 sample (Fig. 17)
induced by heating at 850°C do not, however, support the formation of either pyroxene
nor olivine phases; instead, trevorite (NiFe.O,), aluminium oxide solid solution, and
some disordered phases appear. Therefore, when the saprolite ore bulk mineral is
composed of lizardite, clinochrysotile, and clinochlore, the high-temperature phase
formation temperature is above 850°C. Conversely, both the pyroxene and olivine
phases formed by heating up to 850°C in Colombia-1 (Fig. 16), as well as the pyroxene
and magnesioferrite (MgFe20,4) phases resulting from heating up to 850°C in Mirabela

(Fig. 18), confirm the presence of exothermic peaks in the DSC diagram.
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It is supposed that the simultaneous dehydroxylation and recystallisation of antigorite
in Colombia-1, and the different mineralogy of Mirabela (clay minerals) caused the
formation of the corresponding phases. Therefore, the mineralogy of the ore has an
influence on its thermal behaviour and further it is also assumed that it controls the
optimal reduction temperature (Paper III and IV).
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M- Magnesium Aluminum Oxide, MgAlLO,
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30 -
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Figure 16. X-ray diffractograms for Colombia-1 ore after heat treatment at up to
850°C in argon.

e Q M- Magnesioferrite, MgFe, O,
100 3 M- Nickel Iron Oxide (Trevorite), NiFe,0,
e Q- Quartz, S0,
80 =
80
70
80
- T
50
a0 -
0 - Q
0 - TQ Q
: M Q Q 1
10 "
o E .lﬂn' | I p
2-Theta - Scale

Figure 17. X-ray diffractograms for Colombia-2 ore after heat treatment at up to 850°C
in argon.
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Figure 18. X-ray diffractograms for Mirabela ore after heat treatment at up to 850°C in
argon.

4.2 Effect of sulphur on recrystallised phases

The reduction efficiency of nickel associated with the hydrated iron oxide minerals
(goethite) has historically been much higher than for nickel associated with magnesium
hydrosilicates (De Graaf 1979, Hallett 1997, Valix et al. 2002a, O’Connor et al. 2006,
Chen et al. 2009, Harris et al. 2009, Zevgolis et al. 2010a). The mineralogical character
of the hydrosilicate minerals is responsible for this difficulty in reduction (Paper I and
II, Kawahara et al. 1988, Utigard et al. 1993, Chen et al. 2004, Rhamdhani et al. 2009,
Pietild 2011). Further, there is at least one serpentine mineral, namely antigorite, which
is confirmed as undergoing simultaneous dehydration and recrystallisation to olivine
(Paper 11, Li et al. 2000, Harris et al. 2009).

To our knowledge, the additives have an effect on the elimination or suppression of
recrystallised phases, which is important for the subsequent reduction process. Sulphur
is an additive that is considered not only to preclude the formation of a high-
temperature phase but also to increase metal extractions, particularly from the more
refractory ores (Paper V, Siemens et al. 1976, Kukura et al. 1979, De Graaf 1980, Valix et
al. 2002a, Pekkarinen 2011).

4.2.1 Results and Discussion

The DSC results of three different additive-bearing lateritic nickel ores heated under an

Ar atmosphere from room temperature up to 1300°C are shown in Fig. 19.
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Figure 19. DSC curves for Colombia-1, Colombia-2, and Mirabela blended with pyrite
when heated up to 1300°C in an argon atmosphere (Paper V).

The DSC results (Fig. 19) of the lateritic nickel ores blended with sulphur disclosed the
fact that the exothermic peaks underwent a change in size. In addition, the dehydration
and recrystallisation of minerals is also observed to begin earlier when sulphur is added
to the ores. The capability of sulphur to react with the available oxygen at relatively low
temperatures during heat treatment, inducing the dehydration to commence at a lower
temperature than usual, is attributed to the reduced densification of the pellet particles,
which makes it easier for the evaporated crystalline water from silicates to diffuse
outward (Paper V).

Additionally, subsequent to the heat treatment, the samples were subjected to an X-
ray powder diffraction analysis in order to determine the effect of sulphur on the

mineralogical changes of the ores.

In the case of the Mirabela ore (Fig. 20), in which the sulphur concentration was
higher compared to the Colombian ores, neither olivine nor pyroxene phases were
formed when it was heated up to 1300°C. Thus preventing the formation of olivine and
pyroxene phases appears to depend on the amount of sulphur added to the ore. The DSC
analysis illustrated in Fig. 19 confirms the suppression of the exothermic peak by
sulphur (Paper V, Pekkarinen 2011).

Additionally, the mineralogy of the ore might also control the addition of the sulphur-

bearing additive and thus affect the recrystallisation and, further on, the formation of

the new phases.
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Figure 20. Powder XRD pattern of minerals of Mirabela ore blended with pyrite
induced by heat treatment at 1300°C in argon (Paper V).
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5 REDUCTION OF SAPROLITIC NICKEL
ORES

Generally, in the saprolites, both magnesia and nickel oxide form a solid solution with
silica, and the temperature for initiating the decomposition of the crystal of nickel
magnesium silicates is relatively high (Papers III and IV, Hang and Brindley 1973,
Burger 1996, Li and Coley 2000). Consequently, the nickel oxide that separates from the

disintegrated nickel magnesia silicate crystal is then susceptible to reduction.

Commercially, the reduction of saprolitic nickel ores is achieved by utilising either
carbon monoxide or hydrogen as the reducing gas. Since the nickel content of the ore
deposits is generally relatively small, the reduction process produces only a relatively
small amount of metallic nickel, which is very finely distributed. The metallic nickel and
iron particles might subsequently be recovered as a nickel-iron alloy by magnetic
concentration since the metallic nickel and iron are strongly magnetic, whereas the iron
oxide and other constituents of the tailings are only very weakly magnetic at best
(Watanabe et al. 1987, Zhu et al. 2008).

5.1 Results and Discussion

5.1.1 Isothermal Reduction

According to the experimental results, excluding the reduction results of Colombia-1
(Fig. 21), the removable oxygen degree R: of the samples as a function of time in a fixed
H>/N. gas mixture (72%:28%) at different temperatures increases with increasing
temperature (Paper III).

The presence of antigorite in Colombia-1 was found to enhance the dehydroxylation
and recrystallisation simultaneously (Paper II). The phases thus formed were identified
as being poorly reducible. Therefore, this indicates that the initial chemical and
mineralogical compositions of a saprolitic nickel ore are critical to the degree and the

optimal temperature of reduction, respectively (Paper III).
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Figure 21. Effect of temperatures on the reduction of Colombia-1 by means of an H./N»
(72%:28%) gas mixture (Paper III).

The results of reduction at different temperatures in a fixed CO/CO- (72%:28%) gas
mixture showed a lower degree of removable oxygen compared to that in a fixed Ho/N-
mixture (Fig. 22).
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Figure 22. Comparison of Colombia-1 reduction in H2/N- (72%:28%) and CO/CO-
(72%:28%) at 750 and 900°C (Paper IV).

Table 3, which shows the total degrees of metallisation (iron and nickel) of the reduced
laterite samples in fixed H>/N. and CO/CO- mixtures at different temperatures for 9o
minutes, also confirms the higher reducibility of ores in Ho/N.. Moreover, it can be seen
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that the Mirabela ore has been reduced the best at both temperatures and in both the
reducing gases, with the exception of Colombia-2, which was reduced at 900°C in
CO/CO-. The degree of metallisation is determined as the (Fe°+Ni°)/(Fetot+Nitot) ratio,
where Me?° is the analytical metallic concentration and Metot is the total concentration of

the Me in the ore.

Table 3. Metallisation degrees of the ores reduced in CO/CO: (72%:28%) and H./N-
(72%:28%) at different temperatures (Paper IV).

Metallisation Degree %

Temperature °C Colombia-1 Colombia-2 Mirabela
H./N. CO/CO. H>/N. CO/CO. Hz/N> CO/CO-
750 13.12 1.69 15.26 3.46 39.08 9.99
900 6.82 1.13 15.41 4.10 38.23 2.58

Moreover, according to the metallic iron and nickel percentages in the present study
(Fig. 23), nickel is more susceptible in CO/CO- than iron, whereas the H>/N. reducing
gas mixture effectively reduces iron oxides (Papers III and IV). Therefore, in order to
achieve the maximum extent of reduction and nickel metallisation, the properties of the

various reducing gases should be taken into consideration.
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Figure 23. Degrees of metallisation of metallic elements in H>/N. (72%:28%) and
CO/CO: (72%:28%) at 600, 750, and 900°C (Paper IV).

In addition to the benefits of various reducing gases in fixed ratios, a decrease in the
CO/CO- ratio for a given temperature will give a higher recovery of Ni. Thus, it is
recommended to preserve the CO/CO- ratio below 1 in order to obtain an appreciable
nickel recovery. Experimental results at 750°C and 900°C with a number of reducing gas

mixtures are shown in Fig. 24.
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Figure 24. Degrees of metallisation of metallic elements with different CO/CO- ratios
at 750 and 900°C.

Scanning electron micrographs of reduced samples were recorded to demonstrate
their morphological characteristics (Fig. 25). The images of SEM-EDS analysis
demonstrated in Fig. 25 a indicate the formation of ferronickel particles in the pellets.
Furthermore, the sizes of the ferronickel particles are different and are considered to be
dependent on the reducing temperature and chemistry of the ore (CaO, MgO/SiO- ratio,
and Al.Os3). Subsequently, they will grow within the softened or partially molten
magnesia silicate slag at the operating temperatures (>900°C) in the rotary kiln
(Rhamdhani et al. 2009, Kobayashi et al. 2011). Additionally, the micrographs of the
reduced pellets imply that the majority of the dark grey particles are Mg-Fe and Mg-Fe-
Al silicates. Furthermore, unreduced nickel is mainly associated with Mg-Fe-Al and Mg-
Fe silicates (Fig. 24 b, c¢) (Papers III, IV, and V, Chen et al. 2004, Rhamdhani et al.
2009).
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Figure 25. Microstructure of reduced samples in CO/CO- (72%:28%): a) Colombia-1 at
750°C; b) Colombia-2 at 900°C; c¢) Mirabela at 900°C post-carbon monoxide reduction
(Paper IV).

5.1.2 Non-isothermal Reduction

The gaseous pre-reduction of ore in a rotary kiln is a critical stage in the
pyrometallurgical process for nickel alloy production, since a good selection of the pre-
reduction will produce a more valuable nickel alloy with a higher nickel grade and
reduce the processing costs of the subsequent smelting stage.

In a conventional rotary kiln, the ore travels counter-currently to the flow of hot gas
that is mostly produced by the combustion of coal. While it is travelling, the temperature
of the ore within the kiln rises from the feed end to the discharge end and it is
continuously in contact with the reducing gas in the kiln. Subsequently, the drying,
dehydration, and reduction of the ore and the agglomeration of the reduced metal take

place.

The saprolites which are used in the study were first calcined at 750°C for 60 min, and
then reduced at rising temperatures from 750 to 900°C in a fixed-ratio (72%:28%)
CO/CO: reducing gas mixture for 30 min in order to simulate the reduction roasting
condition that prevails in a rotary kiln (Pietila 2011).

The weight loss of the samples as a function of temperature is illustrated in Fig. 26.
According to Fig. 26, the initial rate of weight loss of the samples was very fast up to 800
°C. Thereafter, it decreases rapidly with an increase in the temperature. However, the
steepest descent in the rate weight loss was observed in Colombia-1 above 800°C. The
olivine or pyroxene phases that occurred in Colombia-1 at 750°C (with the presence of
antigorite) are ascribed to delayed Ni and Fe reduction when they are locked up in those
phases (Papers III and IV).
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Figure 26. The weight loss of Colombia-1, Colombia-2, and Mirabela reduced in a
g(())l/l():oz (72%:28%) gas mixture at a rising temperature as a function of time (Pietila

In addition to the properties of the various reducing gases, which have an impact on
the progress of the reduction and generation of metallic elements, the introduction of
the reducing gas prior or subsequent to the calcination of the ore might also initiate the
formation of new phases which are detrimental to nickel or/and iron reduction (De
Graaf 1979, Li et al. 2000, Rhamdhani et al. 2009, Valix et al. 2002a).

Therefore, taking for granted the stepwise gaseous reduction of hematite (Fe-03) to
metallic iron (Fe®), as well as the reduction of nickel silicates [(Mg, Ni, Fe)3Si-O5(0OH)4]
into metallic nickel (Ni°), and considering the results of the metallic percentage in
Fig.27, the optimal nickel recovery can be controlled by launching the reducing gas. It
was detected that introducing the reducing gas after the roasting of the saprolite ores at
a constant temperature resulted in the highest nickel recovery. Therefore, the reducing
conditions are predicted to promote the formation of the high-temperature phases
which are detrimental to nickel and iron reduction.
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Figure 27. Degrees of metallisation of metallic elements when the ores are being
reduced in CO/CO: (72%:28%) at 750, 900, and 750 —900°C (Pietild 2011).

5.1.3 Effect of additives (sulphur, carbon) on saprolitic nickel reduction

The major challenge with the reduction of saprolitic nickel ores is ensuring that the
nickel is in reducible form. Valix (2002a) performed in situ XRD experiments and
proposed that the sulphur aids the suppression of the olivine phase, allowing the nickel
to be in the active stage, where it can then be reduced. Kukura et al. (1979), De Graaf
(1980), and Pekkarinen (2011) also reported that additives have an effect on the
elimination or suppression of such recrystallised phases, which is important for the

subsequent reduction process.

In the saprolites, the situation regarding gas-nickel oxide solid reduction is probably
complicated by the presence of two types of reducible oxides, namely iron oxides and
cobalt oxide, in the silicate matrix, in addition to a high magnesia (MgO) and silica
(Si02) content. However, iron oxides will predominantly affect the thermal
transformation, migration of ions, and concentration of reducing gas upon reduction,
because there is usually a higher content of them in nickel saprolites compared to other

possible reducible oxides.

Hence, the effect of sulphur on the reducibility of the additive-bearing saprolitic nickel
ores was examined in different reducing gases with fixed ratios at the temperatures of
750 and 900°C, i.e. below and above the recrystallisation temperature. The metallic
nickel, iron, and cobalt contents in the sulphur-bearing samples reduced in a fixed
H>/N: (72%:28%) and CO/CO- (72%:28%) gas mixture at different temperatures are
reported in Fig. 28.
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Figure 28. The metallic percentages of Ni, Fe, and Co in the sulphur-containing
samples reduced in fixed CO/CO- (72%:28%) and H:/N: (72%:28%) mixtures at 750
and 900°C (Paper V and Pekkarinen 2011).

It can be seen that nickel is reduced more effectively than iron and cobalt in CO/CO- at
both temperatures and in every sample. Further, it can be observed that nickel is more
susceptible than iron in CO/CO., and the H»/N.» reducing gas mixture effectively reduces
iron oxides. It can also be noticed that the formation of metallic iron is affected by the
reduction temperature. The iron with the lowest metallic percentage was obtained in the

reduction tests at the highest temperature.

The useful effect of sulphur on the nickel metallisation can merely be identified when
the results from the experiments with samples containing sulphur (Fig. 28) are
compared to those for pellets without the addition of sulphur (Figs. 23, 24, and 27).
Therefore, with the nickel metallisation being taken for granted, the degradation of
silicates at the dehydroxylation temperature, where the minerals of the metals are free
from silicates, is regarded as improving the readiness of the nickel oxide to react with
the available sulphur and thus makes it more ready for reduction. Added to this, the
discontinuation of the densification of the reaction zone as a result of the segregated
sulphur to the surface of the particles and grain boundaries will also increase the nickel
metallisation when the temperature increases to 900°C. Hence, regardless of the type of
the high temperature phases, sulphur could suppress the densification of those phases
and will allow easy access of fresh reducing gas to the unreacted core of the phases in
which the nickel is locked up (Paper V).

Additionally, as sulphur does not have an effect on the formation of magnesioferrite
(MgFe204) in Colombia-1 and Mirabela at 900°C (Paper V), a less reducible solid
solution, (Mg,Ni)Fe.0,, will be formed. The lower metallisation of the nickel in Mirabela
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and Colombia-1, as well as its increase in Colombia-2 at 900°C (Fig. 28), confirms this
presumption. The recrystallisation of magnesioferrite is proved to be a consequence of

the dehydroxylation process (Paper II).

Further, according to the chemical analyses of reduced samples (Fig. 28), the
reducibility of the cobalt is observed to have been controlled by iron metallisation and
the reduction temperatures. Therefore, it increases along with a decreasing reduction
temperature and with increasing iron metallisation.

The micrographs of reducing pellets in Fig. 29 show that nucleation and
recrystallisation have already taken place, and the majority of the particles are grey and
white. Among other findings, the white particles are observed to contain more metallic
nickel and iron, and chiefly to have round forms. The point analysis of particles,
however, show that the white particles are nucleated at the grain boundaries of silicates,
and their nickel content varies from one particle to another and even within the same
particle. Additionally, the SEM-EDS analyses imply that the added sulphur-bearing
additive was captured by the reduced pellet (Fig. 29) (Paper V). Therefore, as the
sulphation reactions are thermodynamically favoured by relatively low temperatures
(Papazoglou & Rankin 2003), it is possible that sulphates essentially prevent sulphur
from vapourisation at high temperatures. However, the reaction from oxide to sulphate
is possible if only the sulphidic sulphur reacts with oxides or oxygen to form SOs; thus
the SOj3 that is formed will be absorbed onto the oxide surfaces, which react instantly,
forming sulphate.
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Figure 29. Microstructure of reduced sulphur-bearing samples in CO/CO- (72%:28%):
a) Colombia-1 at 900°C; b) Colombia-2 at 900°C; ¢) Mirabela at 900°C (Paper V).

38



6. CONCLUSIONS

Saprolitic nickel ores are complex mixtures of minerals such as serpentine, clay, chlorite,
and goethite. They have a heterogeneous phase structure with varying contents of the
major elements, such as Mg, Si, Fe, Ni, Al, Co, Mn, and Cr. The assay of the ores used in
this study varies from one particle to another and from mineral to mineral within the
same sample, in conformity with the range of the serpentine-clay-chloride-goethite
mixtures. Most of the nickel is present in the crystal lattices of serpentine minerals.
Additionally, nickel occurs with cobalt, manganese, aluminium, chromites (spinel), and

iron oxides in the goethite lattice too.

The saprolites heated in argon or in air up to 1300°C showed three endothermic
processes at 100, 250, and 550-650°C, caused by the removal of free water, the
dissociation of goethite, and by dehydroxylation reactions, respectively. The
endothermic reactions are followed by an exothermic reaction at ~820°C which is
associated with the crystallisation of new phases. Quartz, enstatite, olivine and
maghemite (spinel) have been identified by XRD as a result of the disintegration of
minerals. The experimental results indicate that the compositions of the final phases are
heavily dependent on the proportions of serpentine-like and clay-like layers in the initial

ore.

As a result of heat treatment in argon or in air at 750°C, the DSC and XRD
observations showed that the microstructures of the ore were disrupted, and part of
their crystalline water was evaporated, which brought about the formation of cracks and
the redistribution of the nickel in the particles. The nickel was observed mainly in Fe-
Mg-Al and Mg-Fe silicates, but high nickel contents were observed to be concentrated
within Cr-spinels and Mn-oxide particles. Additionally, the formation of new phases,
namely talc-like, amorphous, forsterite, and enstatite, after heating at 750°C was noticed
to depend on the type of initial minerals of the saprolite ore. The experimental results
clearly revealed that the presence of antigorite in Colombia-1 induces the formation of
forsterite and enstatite before the recrystallisation temperature; otherwise, the laterites
containing no antigorite (Colombia-2, Mirabela) developed intermediate phases.
Additionally, 850°C, which was also rather close to the temperature of the subsequent
reduction experiments, was purposely selected in order to ascertain the temperature of
thermal transformation of the minerals. The XRD results showed that the temperaure at
which the formation of the high-temperature phase takes place is above 850°C when the

saprolite ore bulk mineral is composed of lizardite, clinochrysotile, and clinochlore.
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Additionally, the DSC results indicated that the exothermic process at ~820°C
undergoes a change in size when sulphur is added. Particularly, in the case of the
Mirabela ore, the sulphur almost completely suppressed the exothermic reaction and

induced the dehydration and recrystallisation of the minerals to commence earlier.

The reduction kinetics of the saprolitic nickel ores were shown to depend on
temperature, time, mineralogy, and the concentration and variety of the reducing gas. In
particular, the initial chemical and mineralogical composition of the saprolitic ore
proved to be a critical parameter for the progress of the reduction. Hydrous nickel-
magnesium silicates (Mirabela) which occur in the form of vermiculite (clay mineral)
proved easier to reduce, since vermiculite recrystallises to pyroxene phases
(Mg,Fe,Ni)SiO3. However, reducing the degree of removable oxygen in the Colombia-1
ore (antigorite) from 750 to 900°C in H>/N. and CO/CO:- is attributed to the formation
of olivine (Mg,Ni,Fe).SiO4, which is difficult to reduce. Moreover, the observations
proved that the reducing gas promotes the formation of new phases which are
detrimental to nickel and/or iron reduction. Therefore, the properties of various
reducing gases have an impact on the progress of the reduction and generation of

metallic elements.

Concerning the different chemical and mineralogical compositions of saprolites and
the various properties of the reducing gas, their degree of reduction is not expected to be
the same in different reducing gases under similar reducing conditions. Therefore, to
achieve the highest metallisation for nickel, the current results of the reduction

experiments recommend using CO as the reducing gas.

Generally, in the reduction experiments, the sulphur proved to improve the
reducibility of nickel saprolitic ores throughout the entire temperature range that was
studied. Consequently, for temperatures between the dehydroxylation and
recrystallisation reactions, sulphur reacted with both cobalt and especially with nickel
and thus made them more reducible when the minerals of the metals were free of
silicates. At temperatures above recrystallisation, the sulphur that was already
segregated to the surfaces of the grains and particles improved the nickel metallisation.
It suppressed the densification of the reaction zone and facilitated the access of fresh
reducing gas to the unreacted core of the phases in which the nickel is locked up.
Moreover, regarding the sulphur, the formation of sulphates at an early stage of heating
is essential to prevent it from vapourisation at high temperatures. Additionally, the
beneficial effect of sulphur on the degree of metallisation can only be seen when
comparing the results from the experiments with sulphur-containing samples to those
with pellets without sulphur. Considering the results from the current reduction
experiments, the optimal reduction temperature for ores is ~750°C. The higher sulphur
content also resulted in a higher degree of metallisation.
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A complex series of phases was observed after the reduction roasting of saprolites. The

formation of ferronickel alloy particles after reduction was proved by SEM-EDS analysis.
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